Using angle-resolved photoemission spectroscopy, we report electronic structure for representative members of ternary topological insulators. We show that several members of this family, such as Bi2Se2Te, Bi2Te2Se, and GeBi2Te4, exhibit a singly degenerate Dirac-like surface state, while Bi2Se2S is a fully gapped insulator with no measurable surface state. One of these compounds, Bi2Se2Te, shows tunable surface state dispersion upon its electronic alloying with Sb (SbxBi2−xSe2Te series). Other members of the ternary family such as GeBi2Te4 and BiTe1.5S1.5 show an in-gap surface Dirac point, the former of which has been predicted to show nonzero weak topological invariants such as (1;111); thus belonging to a different topological class than BiTe1.5S1.5. The measured band structure presented here will be a valuable guide for interpreting transport, thermoelectric, and thermopower measurements on these compounds. The unique surface band topology observed in these compounds contributes towards identifying designer materials with desired flexibility needed for thermoelectric and spintronic device fabrication.
I. INTRODUCTION
A topological insulator (TI), as experimentally realized in bismuth-based materials, is a novel electronic state of quantum matter characterized by a bulk-insulating band gap and spin-polarized metallic surface states. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Owing to time reversal symmetry, topological surface states are protected from backscattering and localization in the presence of weak perturbation, resulting in spin currents with reduced dissipation. On the other hand, bismuth-based materials are also being studied for enhanced thermoelectric device performance. 21 Therefore, it is of general importance to study the band structure of these materials as a starting point. Using angleresolved photoemission spectroscopy (ARPES) and spinresolved ARPES, several Bi-based topological insulators have been identified, such as the Bi 1−x Sb x alloys 2,5 , the Bi 2 X 3 (X = Se, Te) series and their derivatives. 8, 9 Although significant efforts have been made to realize multifunctional electronic properties in the existing materials, little success has been obtained so far due to residual bulk conduction. 19, 20, 22 This led to the search for other topological materials, which might potentially be optimized for the realization of functional devices.
Recently, ternary topological insulators such as Bi 2 Se 2 Te, Bi 2 Te 2 Se, Bi 2 Te 2 S, GeBi 2 Te 4 , and PbBi 4 Te 7 have been theoretically predicted to feature multifunctional and flexible electronic structures. 3, 23, 24 However, limited ARPES studies are reported even on Bi 2 Te 2 Se to date. [22] [23] [24] [25] [26] [27] [28] [29] [30] In this paper, we investigate the electronic structure of four distinct and unique compounds, namely, Bi 2 Se 2 Te (Se-rich), Bi 2 Te 2 Se (Te-rich), Bi 2 X 3−x S x (X = Se, Te; x = 1, 1.5), and GeBi 2 Te 4 , as representative members of the ternary family. Surface state properties relevant for the enhanced functionality are identified in these materials. First-principles band calculations are also presented for comparison with our experimental data.
Our experimental findings are itemized as follows. First, our data suggests that the ternary compound Bi 2 Se 2 Te (Se-rich) has a large effective bulk band gap. By tuning the ratio of bismuth to antimony, we are able not only to lower the Fermi level into the band gap but also to fine tune the Fermi level so that it lies exactly at the Dirac point. Second, we show that the Dirac point of Bi 2 Te 2 Se (Te-rich) is not isolated from the bulk valence bands when the chemical potential is placed at the Dirac point. Third, we report band structure properties of sulfur doped Bi 2 X 3 [Bi 2 X 3−x S x (X = Se, Te; x = 1, 1.5)] in some detail. The compound Bi 2 Te 1.5 S 1.5 , derived from Bi 2 Te 3 by replacing Te with S, shows a large bulk band gap and a single Dirac cone surface state, where the Dirac point is located inside the bulk band gap, in contrast to the related Bi 2 Te 3 where the Dirac point is buried inside the bulk valence band. The detail of crystal growth of this compound is described in Ref. [40] . The replacement of Te by S is a critically important process to realize the exposed Dirac point electronic structure in Te-rich sample. Finally, we discuss the electronic structure of GeBi 2 Te 4 , which serves as a single Dirac cone topological insulator belonging to a class with nonzero weak topological invariants. Despite its high Te-content, this compound exhibits in-gap Fermi level and isolated Dirac node. This is likely due to the change of global crystal potential associated with the Ge sub-lattice.
II. METHODS
The first-principles band calculations were performed with the linear augmented plane-wave (LAPW) method using the WIEN2K package 31 and the projected augmented wave method 32 using the VASP package 33 in the framework of density functional theory (DFT). The generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof 34 was used to describe the exchange correlation potentials. Spin-orbit coupling (SOC) was included as a second variational step using a basis of scalar relativistic eigenfunctions. The surface electronic structure computation was performed with a symmetric slab of six quintuple layers; a vacuum region with thickness larger than 10Å was used.
Single crystalline samples of ternary topological insulators were grown using the Bridgman method, which is described elsewhere.
12,25,35 ARPES measurements for the low energy electronic structures were performed at the Synchrotron Radiation Center (SRC), Wisconsin, the Stanford Synchrotron Radiation Lightsource (SSRL), California, and the Advanced Light Source (ALS), California, equipped with high efficiency VGScienta SES2002 and R4000 electron analyzers. Samples were cleaved in situ and measured at 10-80 K in a vacuum better than 1 × 10 −10 torr. They were found to be very stable and without degradation for the typical measurement period of 20 hours. Potassium deposition was performed at beam line 12.0.1 of the ALS from a SAES getter source (SAES Getters USA, Inc.), which was thoroughly degassed before the experiment. Pressure in the experimental chamber stayed below 1× 10 −10 torr during deposition. The deposition rate (Å/Sec) was monitored using commercial quartz thickness monitor (Leybold Inficon Inc., model XTM/2). The deposition amount (thickness) was then obtained by multiplying the deposition rate by the elapsed time.
III. RESULTS AND DISCUSSION

A. Band calculation
In Fig. 1 lies between two quintuple layers. A m B 2n X m+3n represents a large family of compounds in which (AX) m layers are inserted into the B 2 X 3 stacking. The crystal structures of AB 2 X 4 , A 2 B 2 X 5 , and AB 4 X 7 are composed of X layers forming a cubic close packing, with a fraction of octahedral interstices occupied by A and B atoms. 36 The unit cell of AB 2 X 4 is formed by stacking together three seven-atomic-layer slabs in the sequence Fig. 1(b 22, 27 We show the surface bands for the one with the exposure of seven-atomic-layer in Fig. 1(d) .
A singly degenerate gapless Dirac cone centered at thē Γ point is observed in the representative compounds for each class, indicating that these materials belong to the Z 2 = -1 topological class. The numerically predicted bulk band gap varies over an order of magnitude from 0.01 eV to 0.31 eV. Such surface electron kinetics offer a wide range of topologically nontrivial electronic structures ranging from a nearly isotropic Dirac cone (e.g. PbBi 2 Se 4 ) to strongly anisotropic and doping dependent topological surface states. This remarkable material flexibility provides a wide range of critical electronic properties for realization of different functionalities, which are not even theoretically offered in the most commonly studied Bi 2 X 3 compounds.
B. Realization of an isolated Dirac node
The presence of an isolated Dirac node, as well as the tunability of the chemical potential to the isolated Dirac point, is highly favored for application purposes because it reduces the scattering from the bulk bands. An important requirement for topological insulators in device oriented applications such as topological quantum information and low power spintronics devices 37 is the dissipationless surface states in the topological transport regime, i.e., an isolated Dirac cone fully separated from bulk bands, and the Fermi level located at the Dirac point.
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The full exposure of topological transport regime for dissipationless spin current with tunable surface states is useful for the study of various novel topological phenomena, such as quantum spin Hall effect, magnetoelectric effects, etc. 6 However, none of the proposed applications have been realized due to the material drawbacks of the existing well-studied topological insulators. Although
10 the essential necessity of external surface deposition process makes this procedure unsuitable for most practical applications. Recently, tuning of Fermi level has been reported by changing the Bi to Sb composition ratio for Sb x Bi 2−x X 3 (X = Se, Te) single crystals.
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In the following, we discuss the tunable topological surface states in the Sb x Bi 2−x Se 2 Te system, in which we realize an isolated Dirac point without any surface deposition. The ARPES electronic structure of Sb x Bi 2−x Se 2 Te is shown in Fig. 2(a) . Bi 2 Se 2 Te (x = 0) shows welldefined surface states with massless Dirac-like dispersion [see Fig. 2(a) , left], proving it to be a topological insulator featuring a single Dirac cone with a bulk insulating gap of ∼ 250 meV. The Fermi level of this system lies at the bulk conduction band (BCB) and the valence band is located below the Dirac point. Upon substitution of Sb in place of Bi, the Dirac-like topological surface states can be clearly observed in the entire doping range [see Fig. 2(a) ]. With increasing x, the Fermi level E F moves downward from the BCB, indicating a reduction of the n-type bulk carriers. When Sb substitution is further increased, both Dirac point and E F lie within the bulk energy gap (such as in x = 0.8), and ultimately the Fermi level reaches the isolated Dirac point for x = 1. Upon further increase of x (x > 1), E F moves below the Dirac point, indicating a crossover from n-to p-type topological insulator [see Fig. 2(b) ]. The charge neutrality point (CNP), the point where E F meets the Dirac point, can thus be determined to be located at x ∼ 1. To further verify the observation of an isolated Dirac point, photon energy dependent measurements have been performed, as shown in Fig. 2(c) . While bulk valence bands change with photon energy, the surface bands and the isolated Dirac node show no visible dispersion, suggesting the two-dimensional nature of the surface states. Our measurements thus verify that Sb x Bi 2−x Se 2 Te is a tunable topological insulator with an isolated Dirac node. Our first-principles calculations for x = 0, 1, 1.67 (see Fig. 3 ) show that topological surface states exist in all three doping levels; Dirac point moves away from the bulk bands as doping (x) increases, supporting our experimental results. 
C. Insulating Bi2Te2Se
An important property for a functional electronic structure of a topological insulator is the isolation of the surface states from the bulk electronic states, since the surface signal would otherwise be washed out by the bulk contribution in transport experiments. Bi 2 Te 2 Se is a distinct line compound in the phase diagram known as "Kawazulite" 22, 25, 39 (as opposed to a random mixture of Bi 2 Se 3 and Bi 2 Te 3 ). The interpretation of any surface transport measurements will rely on key band structure properties and parameters, such as Fermi velocity, Fermi momentum, etc., which have yet to be reported on Bi 2 Te 2 Se. In Fig. 4(a) , we present ARPES electronic structures on three batches of as-grown Bi 2 Te 2 Se ("native 1", "native 2", and "n-type") with slightly different growth parameters. Our measurements reveal a single Dirac cone on the cleaved (111)-surface. The experimentally observed chemical potentials vary with different sample growth conditions. As shown in Fig. 4(a) , the Fermi level of the "native1" batch is slightly above the Dirac node (E F = E D + 0.1 eV) with an average Fermi momentum (k F ) of 0.05Å −1 . In contrast, the Fermi level of the"native2" batch is more than 0.3 eV above E D , with a larger averaged k F of 0.1Å −1 . For the batch marked as "n-type", the bulk conduction band minimum is observed near its Fermi level, from which we are able to obtain a bulk band gap of ∼ 0.3 eV.
The two-dimensional constant energy contour plots of the ARPES intensity at various binding energies (E B ) are shown in Fig. 4(c) . The Fermi contour of the "native2" batch [first panel of Fig. 4(c) ] realizes a hexagonal shape within the bulk band gap. Binding energy evolution study of the constant energy contours [ Fig. 4(c) ] shows that the hexagon gradually reverts to a circle when approaching the Dirac node. In the vicinity of the Dirac point, the valence band feature is observable as a sixfold petal-like intensity pattern at E B ∼ 0.3 eV (Fig.  4(c) right) . Three-dimensional representation of the electronic structure of the "native2" batch is shown in Fig.  4(d) . From Fig. 4 , it is clear that the Dirac point of Bi 2 Te 2 Se is not exposed, rather it is buried into the bulk valence bands. The Fermi velocity (v F ) of Bi 2 Te 2 Se is estimated to be 6 × 10 5 m/s along theΓ −M direction, and 8×10 5 m/s along theΓ−K direction, which is larger than that of Bi 2 X 3 (Refs. 8,9). This makes it favorable for a long mean-free-path (L = v F τ ) on the surface. The proposed applications of topological insulators require a wide range of tunability of the key electronic parameters of the topological surface states, which is lacking in the widely studied binary TI material Bi 2 Se 3 and Bi 2 Te 3 . In the following, we present a study of the sulfur substitution to Se/Te in Bi 2 Se 3 and Bi 2 Te 3 (see Ref. [40] for sample growth and characterization), which brings desired properties to the well-studied binary topological insulators. While Bi 2 Se 3 is a single Dirac cone topological insulator, ARPES measurement shows that Bi 2 Se 2 S is a trivial insulator with a band gap of ∼ 1.2 eV [see Fig. 5(a) ]. On the other hand, ARPES measurement on Bi 2 Te 1.5 S 1.5 [ Fig 5(b) ] reveals that it is a topological insulator with a bulk band gap of ∼ 0.2 eV (band gap of Bi 2 Te 3 ∼ 0.15 eV). More importantly, compared to Bi 2 Te 3 whose Dirac node is buried inside the valence bands, the Dirac point of Bi 2 Te 1.5 S 1.5 is completely isolated from the bulk electronic states, which is essential for applications in the Dirac transport regime. The isolated nature of the Dirac point is further verified by photon energy dependence measurements as shown in Fig.  5(c) . The surface states show no visible dispersion, and the Dirac node is always at a different binding energy from that of the bulk valence band under different photon energies. The isolated nature of the Dirac node is also supported by our first principles band calculations presented in Fig. 5(d) Ref. 41) . The former compound is topologically nontrivial, while the latter is a trivial band insulator with a large gap of about 1 eV. The solid solution Bi 2 X 3−x S x behaves in such a way that formula with higher concentration of heavier elements prefer the rhombohedral structure, while that with higher concentration of lighter elements prefer the orthorhombic structure. The observed large gap in Bi 2 Se 2 S is consistent with the predicted trivial phase with an orthorhombic unit cell. On the other hand, Bi 2 Te 1.5 S 1.5 contains heavier elements and our observed gapless surface Dirac cone is consistent with the predicted nontrivial phase with a rhombohedral unit cell.
E. GeBi2Te4: A ternary topological insulator with nonzero weak topological invariants
Topological insulators are characterized by Z 2 topological invariants of the bulk band structure. For a three-dimensional bulk insulator, the topological insulator state is defined by four topological invariants commonly indexed as [ν 0 ; ν 1 ν 2 ν 3 ] (see Refs. 1,2), where ν 0 is the strong invariant and ν 1 , ν 2 , ν 3 are the weak invariants. In the bulk computations, we evaluate these four invariants by obtaining the parity symmetry of the Bloch wave functions for all the occupied electronic states at eight time-reversal-invariant points. 42 While Bi 2 Se 3 belongs to the [1;000] class due to a band inversion at the Γ point, GeBi 2 Te 4 is predicted to be a strong topological insulator with nonzero weak indices [1;111] . This is due to a band inversion at the Z-point instead of the Γ-point, 42 which is also seen in PbBi 2 Te 4 . Figure 6 (a) shows the ARPES measured dispersion of the surface Dirac bands of GeBi 2 Te 4 . Our data shows an in-gap Fermi level for naturally grown GeBi 2 Te 4 crystals. In order to systematically analyze the surface band structure and Fermi surface warping effects in GeBi 2 Te 4 , we plotted constant energy contours at different binding energies [see Fig. 6(b) ]. The constant energy contour at E B = 0.02 eV of GeBi 2 Te 4 clearly demonstrates the hexagonal warping effect. 43, 44 When the binding energy is increased from the Fermi level, the effect of the bulk potential vanishes and the shape of the contour turns into a circle. Further increasing the binding energy results in a Fermi surface consisting of a single Dirac point with no other features. Therefore, GeBi 2 Te 4 realizes an isolated Dirac point, which makes it possible to bring the system into the topological transport regime. Constant energy contours below the Dirac point reveal the lower Dirac cone. Upon further increasing the binding energy, an additional six-fold symmetric feature extending outwards along allΓ-M directions is observed.
Surface potassium deposition measurements are performed in order to estimate the energy position of the bottom of the bulk conduction band from the Dirac point. Fig. 6(c) shows the ARPES measured dispersion of the surface bands of GeBi 2 Te 4 along theΓ-K momentum direction as potassium is deposited; corresponding energy distribution curves are plotted in Fig. 6(d) . The average thickness of the potassium layer is also marked on the top of each panel in Fig. 6(c) . With approximately 1.6Å deposition of potassium, the bulk conduction band appears with its bottom located at about 200 meV above the Dirac point.
IV. CONCLUSION
We have performed electronic structure measurements for representative members of a large family of ternary topological insulators using ARPES. 
